Electric field inside high gain microchannel plate multipliers was studied. The calculations were based directly on the solution of the Maxwell equations applied to the microchannel plate (MCP) rather than on the conventional lumped RC model. The results are important to explain the performance of MCP's, i) under a pulsed bias tension and, ii) at high rate conditions. The results were tested experimentally and a new method of MCP operation free from the positive ion feedback was demonstrated.
I. Introduction
This paper investigates the electric field inside microchannel plate multipliers (MCP) i) under pulsed applied tension and ii) due to electrons participating in a cascade and leaving the channel of an MCP.
The analysis is performed for a standard MCP with the conductivity due to the surface of the channel walls only and for a hypothetical MCP having a certain bulk conductivity. Section II of the paper studies the behavior of an MCP under pulsed applied tension theoretically and experimentally. A new method of MCP operation free from positive ion feedback is shown.
Section III studies the change of the electric field inside an MCP due to the multiplication process itself. It is shown that the channel recharging time of a standard MCP is much larger than could be guessed by a naive RC model. The possible improvement due to the bulk conductivity of a hypothetical MCP is shown.
II. MCP Under Pulsed Applied Tension
A. Theory Under steady conditions the potential U on the unfolded surface in the x-y plane has to obey Laplace' s equation
The potentials of the upper and lower boundaries are def ined by the applied tension. U = 0 at y = -r.tgcO.cos(x/r)
where r and L are the channel radius and length, respectively, and the bias angle a was defined previously. The vertical boundaries are artificial and the function U has to be periodic with the space period 2nrr.
Equation (1) with the given boundary conditions (2) can be solved by the Fourier method of separation. The solution can be written approximately as
Equipotentials calculated from equation (3) for the lower part of the x-y plane are shown in Fig. 2 . From equation (3) and/or from Fig. 2 we can see that inside an MCP channel (i.e. more than two channel radii from either face of an MCP) the potential is independent of the azimuthal coordinate. Folding the x-y plane back into real space the equipotentials form closed circles perpendicular to the channel axis. Therefore, under steady conditions the electric field in an MCP is parallel to the channel axis.
Secondly, let us consider the electric field after a step tension is applied to the input face of a biased MCP. The electric field at time t = 0+ is similar to the field of a parallel plate capacitor which is perpendicular to the faces of the MCP. Due to the difference of the dielectric constants of the lead glass channel wall and of the vacuum inside the channel the equipotentials are broken at these boundaries. Fig. 3a shows an equipotential line at time t = 0+ which satisfies the well known boundary conditions between the two dielectrics. We can see that the field vector Eo is inclined even more with respect to the channel axis than the field of a simple parallel plate capacitor. Fig. 3a shows also an equipotential line in the DC limit. When a step tension is applied to the input face the field inside a channel of an MCP is established at the angle emax relative to the channel 0018-9499/83/0200-0461$01.00 0 1983 IEEE axis and rotates to its steady (DC) direction which coincides with the axis.
The rotation of the electric field is due to the flow of azimuthal currents in the surface of an MCP channel. Fig. 3b and D,Dcc are the channel diameter and the distance between the axis of two neighboring channels (see Fig. 3b ).
The product RMCp.CMCp is the "natural" time constant of the MCP. We see that the electric field rotates at a much slower rate (10 times) than that which would correspond to this "natural" time constant.
The direction of the electric field inside an MCP channel influences the electron acceleration along the channel and thus the cascade process , and of more importance the positive ion feedback mechanism. This feedback limits the attainable gain of standard straight channel MCPs.
B. Experimental Results
A train of square high tension pulses was applied to the input face of a 2 mm thick Hamamatsu MCP (D = 12.5 1, DCC = 15p, OAR = .63, Q/D = 160).
The schematics of the high tension pulser and the waveform of the applied high tension are shown in Fig. 4 . The switching elements were LED controlled triacs (MOC3021). The relevant time constants were adjusted in such a way that the rise time was 3 ps and the applied tension was constant within ± .1% from 6ps on.
If the time between two consecutive pulses T (Fig. 4b ) is much smaller than the time constant of the rotation of the electric field, the angle 0 between the direction of the electric field (during the time AT when the high tension is applied) and the channel axis is independent of the time constant and given by the following equation
. T-AT * T < T max T where 0max is the maximum angle ( Fig. 3a) . (6) Amplification characteristics of the MCP as a function of the angle 0 were studied. Fig. 5 shows single photoelectron spectra of the MCP excited by a UV-light for different values of the angle 6. A 6 kGauss external (static) magnetic field perpendicular to the MCP faces was applied in order to suppress afterpulses. All spectra show a clear peak; however, the high charge tail which dominates the shape of the distributions is a strong function the angle 0. Fig.  6 summarizes the spectra. It shows the peak gain (the most probable gain) as a function of the angle 0.
The dependence shown in Fig. 6 was used as a calibration for the measurement of the electric field rotation time constant. For this measurement the period T of the pulsed tension (Fig. 4b) was made much longer than the expected time constant. Thus each pulse AT can be considered to be an independent step function and the angle 0 should change in time according to the simple equation
where time t is measured from the leading edge of the high tension pulse. From measured spectra for different time intervals (t,t+At) it is possible (making use of the "calibration" in Fig. 6 ) to deduce the angle e within this time interval. The result is shown in Fig. 7 . The angle between the direction of the electric field and the channel axis 0 follows approximately equation (7) The most important result is presented in Fig.  8 . It shows the probability of an afterpulse as a function of angle 0. There was no magnetic field in the MCP during this measurement. We can see that already at a small angle between the direction of the electric field and the channel axis the probability of an afterpulse is substantially reduced, and for more than a half of all possible angles this probability is reduced by two orders of magnitude. There is a different way to obtain an inclined electric field inside channels of an MCP. 1 If glass walls between channels of an MCP were made from a conductive material the DC-limit equipotential line (upper line in Fig. 3a) (r+ErS) Vaz+6zs (17) where in the right hand side of equation (17) The form of equation (20) has a known Laplace inverse-transform which is:
where Io is the Modified Bessel Function. Equation Recharging behavior of different MCP's was studied by evaluating the sum of solutions (21). Fig. 9a shows the time development of the voltage 9) along a channel of a 1 mm thick standard MCP with the conductivity exclusively due to the channel surface.
(r=O, one directional conductivity.) The charge The isotropic conductivity of an MCP is impossible to realize. Fig. 9c shows the relaxation properties of a hypothetical MCP made of conductive glass wall where the average or = o/2. The decay of the initial perturbance is slower than for an isotropic MCP; however, it is substantially faster than for a standard linear conductive MCP.
The reason for the shorter decay time of bulk conductive MCPs is the presence of the radial current contributing to the neutralization of the charge QO. The absence of these radial currents in the case of a standard MCP requires all the charge to be supplied along one channel with its full resistance resulting in a longer decay time.
Comparing Fig. 9a ,b,c we can conclude that the bulk conductivity MCP improves substantially the rate capability of an MCP when compared with a standard MCP of the same DC power dissipation.
Conclusions
It was shown that i) a standard MCP can be operated practically free from positive ion feedback under a pulsed applied tension at the sacrifice of the duty cycle. A hypothetical bulk conductive MCP should operate free of feedback under any DC applied tension.
ii) the rate capability of an MCP could also be substantially increased by the effect of the bulk conductivity. For angles larger than 80 we can see practically no positive ion feedback. 
